SUMMARY Radionuclide studies were performed to determine pulmonary blood flow in six children who had undergone surgery for pulmonary atresia, ventricular septal defect, and hypoplastic pulmonary arteries with or without major aortopulmonary collateral arteries. Lung blood flow was assessed from both particle perfusion lung scans and the pulmonary and systemic phase of a radionuclide dynamic flow study. Five patients had perfusion defects identified on the particle perfusion lung scan. In three of these, abnormal areas were perfused only during the systemic phase of the flow study, a combination of findings that indicate the presence of perfusion by collateral arteries. In one patient no systemic perfusion was noted and in one an initial particle perfusion study indicated the presence of a lung segment perfused by a collateral artery. In this last patient the particle perfusion scan after total correction showed a reduction in the size of the lung perfusion defect and no evidence of lung perfusion during the systemic phase of the flow study. The particle perfusion lung scan in the sixth patient showed pronounced asymmetry in blood flow to the lungs with no segmental perfusion defect on the particle perfusion scan and no abnormalities on the systemic flow study.
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It is concluded that radionuclide lung perfusion and flow studies provide useful information on lung perfusion and merit further evaluation to define their role in the management of these patients.
There is still debate regarding the surgical management of patients with pulmonary atresia, ventricular septal defect, and hypoplastic pulmonary arteries with or without major aortopulmonary collateral arteries.' It is, however, generally agreed that the long term results of surgery depend on achieving maximal direct segmental perfusion of the lungs and satisfactory relief of right ventricular outflow tract obstruction.24
After each staged palliative operation haemodynamic and angiographic investigations are usually performed. The numbers of invasive investigations should be reduced if possible as each adds morbidity and discomfort for the patient. Non-invasive radionuclide assessment of lung blood flow has the potential for this.
We report our experience with radionuclide studies Right lung: left lung flow ratio 6-7:1 Increased flow to right lung Normal.
*No blood supply seen to right middle lobe preoperatively.
tLung particle perfusion study only performed after transplant of major aortopulmonary collateral artery to right lower lobe.
tCombined study performed after transplant of major aortopulmonary collateral artery to left upper lobe and total repair. relative perfusion of each lung from the pulmonary arteries was calculated from the digital images of the particle perfusion scan as a ratio of the arithmetic mean activity of the anterior and posterior images of each lung. The particle perfusion scans were then visually examined for the presence of segmental defects representing areas of the lung that were not perfused from the pulmonary arteries. To assess whether the defects corresponded to areas perfused by collateral arteries the first pass radionuclide flow study was reformatted as sequential one second images and then examined in a closed loop cine format in conjunction with the sequential transparencies. Perfusion of lung segments by functioning collateral arteries was inferred if the underperfused areas on the particle perfusion lung scan filled in on the radionuclide flow study only after the bolus of tracer had passed through the left ventricle and out of the aortic outflow tract in the systemic phase of the scintigraphic flow study. Table 2 summarises the results of the lung perfusion studies and ventricular function.
Results

SCINTIGRAPHIC FINDINGS
Of the six patients, five had perfusion defects identified on the particle perfusion lung scan. In three of these, abnormal areas were perfused only during the systemic phase of the radionuclide flow study, whereas in one no systemic perfusion was noted. In the fifth patient initial scintigraphic abnormalities were reduced in a subsequent study performed after total correction. The radionuclide studies in the sixth patient showed pronounced asymmetry in blood flow to the lungs with no segmental perfusion defects on the particle perfusion scan and no abnormalities on the systemic phase of the flow study.
Case I-This patient, who underwent repair early in our series, had had two collateral arteries, operatively this patient had a perfusion defect in the right upper lobe, as seen on the posterior image of the particle perfusion scan (Fig. 1) . This defect was confirmed on the pulmonary phase of the flow study (Fig. 1) . Perfusion of this segment was clearly identified on the systemic phase of the flow study (Fig. 1) . This finding was considered to confirm perfusion of the lung segments by the known persisting collateral artery.
Case 2-Angiographic confirmation of a collateral artery was obtained in a further patient (case 2), in whom a combination of scintigraphic findings similar to those in case 1 was observed in the left lower lobe, suggesting a blood supply of this region by a collateral artery.
Case 3-This patient had underperfused areas on the particle perfusion lung scan and on the lung phase of the flow study with systemic flow to the right middle lobe. Previous invasive studies had failed to show any blood supply to this region. This was thought to suggest an angiographically unrecognised collateral artery.
Case 4-This patient had multiple areas of underperfusion on both the particle perfusion lung scan and the pulmonary phase of the flow study. These areas did not appear to be due to perfusion by collateral arteries since they were not seen to perfuse on the systemic phase of the flow study.
Case 5-This patient had a particle perfusion lung scan before and both a particle perfusion and flow study after his final repair. At initial contrast angiography collateral arteries were identified as the sole blood supply to the right lower lobe and to most of the left upper lobe. At his first operation the collateral del Torso, Kelly, Kalff, Stellin, Mee, Venables artery supplying the right lower lobe was successfully transplanted to the native pulmonary artery. The first scintigraphic study was performed after this surgical procedure. The expected right to left shunt was reflected on the particle perfusion scan by visualisation of the kidneys (Fig. 2) . Particle perfusion lung scans showed preserved perfusion to the apical segment of the left upper lobe with underperfusion of the remainder of that lobe. He then underwent transplantation of the second collateral artery to the left upper lobe and subsequent total repair. Postoperatively, a repeat scan showed that the features of the right to left shunt had been abolished and the size of the perfusion defect in the left lung was reduced (Fig. 2) . The flow study did not show any lung flow during the systemic phase to suggest residual lung perfusion by collateral arteries.
Case 6-This patient had no collateral arteries. A Waterston shunt had been performed at 3 months of age. One year after total repair a follow up cardiac catheterisation showed a pronounced difference in the size of the right and left pulmonary arteries. The lung scan showed pronounced asymmetry of blood flow to the lungs (Fig. 3) with a right to left lung perfusion ratio of 6*7 to 1.0. The ratio of the calculated areas of the two pulmonary arteries from the cardiac catheterisation data (Table 1) was very similar to the radionuclide perfusion ratio. There were no focal perfusion defects in either lung field. There were no abnormalities on the systemic phase of the flow study, although its pulmonary phase also showed the increased blood flow to the right lung.
Discussion
The possibility of distinguishing pulmonary arterial flow from "bronchial" collateral flow using sequential intravenous and intra-aortic injection of indium-131 labelled macroaggregated albumin was initially described by Friedman et al in patients with congenital heart disease. Radionuclide studies in pulmonary atresia radionuclide flow studies has been used to assess pulmonary blood flow more comprehensively, using intravenous injections of tracers."I 12
To our knowledge this is the first description of the use of lung particle perfusion combined with radionuclide flow studies to assess both pulmonary and systemic blood flow to the lungs in patients with pulmonary atresia, ventricular septal defect, and hypoplastic pulmonary arteries with or without collateral arteries.
The surgical management of this complex abnormality requires a precise understanding not only of the intracardiac anatomy but also of the pulmonary blood supply. 13-Is Initial cardiac catheterisation is performed to obtain necessary information on the intracardiac defect, the presence or absence of central pulmonary arteries and whether they are confluent or not, their connections with the intrapulmonary arteries, the number, origin, connections, and distributions of collateral arteries, and the presence of stenosis of the pulmonary arteries or of collateral arteries.
Follow up catheterisation is usually performed before each stage of surgical repair to identify residual abnormality. Uneven growth with residual stenoses of central pulmonary arteries has also been described by Kirklin in his review of Freedom et al.I Right ventricular outflow tract patches, peripheral shunts, and collateral artery transplantation all have the potential of producing stenosis.16 17 There may be persistence of stenosis or occlusion of transplanted collateral arteries or residual arborisation defects due to previously unrecognised collateral arteries.
Angiographic demonstration of the central pulmonary arteries and of collateral arteries may not be fully satisfactory.34 Other techniques include computed axial tomography'8 and radionuclide perfusion and dynamic flow scintigraphy. The latter appears to be a less traumatic alternative with greater sensitivity for abnormal lung blood flow. Pulmonary particle perfusion scans undoubtedly provide precise and reliable information regarding pulmonary blood flow abnormalities. The technetium-99m labelled particulate material injected is filtered out at the first downstream capillary bed encountered. Areas of decreased pulmonary arterial perfusion appear as areas of decreased radioactivity. Adequate evaluation of scintigraphic data requires correlation with a recent chest radiograph. For example, one of our patients (case 5) showed a large perfusion defect over the right lung, which was explained by a pleural effusion (Fig. 2) . Right to left shunts can be detected because particles bypass the lung capillary system and radioactivity appears in the systemic circulation in brain and kidneys.
The dynamic flow study assesses both pulmonary 213 blood flow and systemic arterial flow to the lungs. Early entry of radioactive material to the aorta as a result of right to left shunting may complicate separation of the two phases. In the absence of significant right to left shunting areas of lung perfused by collateral arteries are visualised only during the systemic arterial phase.
We have identified various combinations of patterns on lung particle perfusion scintigraphy and flow study. Firstly, areas of underperfusion seen on the particle perfusion study and pulmonary phase of the flow study, and perfused only during the systemic phase of the flow study (Fig. 1) , strongly suggest the presence of lung perfusion by residual collateral arteries. This suspicion was confirmed in one of our patients at postoperative cardiac catheterisation. One other patient with a similar combination of data was known to have a collateral artery which had not been dealt with at surgery.
Secondly, areas of underperfusion seen on both the particle perfusion lung scan and the pulmonary phase of the flow study, and in which no matching perfusion is seen during the systemic phase of the flow study, indicate lung segments without appreciable blood supply of either pulmonary or systemic origin. These may be due either to ligation or occlusion of collateral arteries representing the sole supply of lung segments or to areas of lung tissue abnormality. Impaired growth of the alveoli with a reduction in their number may be caused by prolonged hypoxia and diminished blood flow.l5 The small residual postoperative perfusion defect in the patient in case 5 (Fig. 2) may be of this type.
Thirdly, homogeneous pulmonary perfusion on particle perfusion scans associated with a normal systemic phase on the flow study was seen only in patients without residual functioning collateral arteries, even in the presence of asymmetrical flow due to pronounced difference in growth between the two pulmonary arteries. Digitisation of the particle perfusion scan enables relative flow to individual segments in the same lung or to each lung field to be assessed quantitatively,'0 as in the patient in case 6, in whom the pronounced asymmetry in blood flow to the lungs was due to the difference in growth between the two native pulmonary arteries. After a Waterston shunt, patterns showing either increased,9 as in the patient in case 6 (Fig. 3) , or decreased'0 lung particle perfusion in the lung that had received the shunt have been previously described.
Fourthly, an additional possibility, not seen in our patients, should be considered. Unrecognised or untreated collateral arteries, connected to the native pulmonary arteries, can be suspected if areas of lungs already perfused during the perfusion study appear again during the systemic phase of the flow study. 214 The management of the patient with pulmonary atresia, ventricular septal defect, and hypoplastic pulmonary arteries remains a problem, in particular when collateral arteries with or without arborisation defects are present. Uniform growth of the pulmonary artery system, and unifocalisation of blood supply when collateral arteries are present, are desirable as a prelude to corrective surgery, but abnormal lung perfusion may persist even after total repair.
Repeated evaluations are necessary, and angiography is currendy usually performed to assess the results of the staged surgical procedures, often after each operation. Contrast angiography can precisely define the size and growth of pulmonary arteries and is essential both in the initial preoperative evaluation and immediately before and after final repair. To repeat this investigation after every staged palliative procedure before final repair would, however, not be entirely necessary when a precise anatomical assessment of pulmonary blood vessels is not needed, if a simpler relatively non-invasive technique was readily available to assess the physiological effects of each staged procedure. Our limited comparison of the results of postoperative cardiac catheterisation with combined radionucide blood flow studies suggests that these radionucide techniques have some potential to identify areas of lung perfused by functioning collateral arteries and residual right to left shunts and therefore may be of value as a non-invasive follow up investigation in this clinical situation.
These scintigraphic studies may also be potentially useful in the preoperative period to direct selective angiography or to clarify further lung perfusion patterns, reducing the need for prolonged exposure to radiation from multiple contrast angiograms. A specific factor which may particularly limit the diagnostic value of this non-invasive technique before surgical intervention is the presence of major shunting from right to left (as in the initial study in the patient in case 5) or, to a lesser extent, from left to right. The pulmonary and systemic phases are not discrete under these circumstances, and inaccuracies in the quantitative prediction of the contribution of regional blood flow of the various sources would be inevitable. Because of these considerations, radionuclide methods may be of most value in the preoperative assessment of these patients when selective injection of radiolabelled particles is performed at the time of the definitive cardiac catheterisation.7
It is likely that a specific limitation of radionuclide techniques could be, for example, the difficulty in identifying perfusion by collateral arteries to the left lower lobe because of overlap with the left ventricle. Nevertheless, our data indicate that radionuclide techniques merit further evaluation to assess their possible role in the overall management of these del Torso, Kelly, Kalff, Stellin, Mee, Venables patients, especially when collateral arteries are present.
